The secure operation of 110-kV networks should be considered in the optimal generation dispatch of regional power grids in large central cities. However, since 110-kV lines do not satisfy the premise of R << X in the direct current power flow (DCPF) model, the DCPF, which is mostly applied in the security-constrained unit commitment (SCUC) problem of high-voltage power grids, is no longer suitable for describing the active power flow of regional power grids in large central cities. Hence, the quadratic active power flow (QAPF) model considering the resistance of lines is proposed to describe the network security constraints, and an SCUC model for power system with 110-kV network and pumped-storage hydro (PSH) units is established. The analytical expressions of the spinning reserve (SR) capacity of PSH units are given considering different operational modes, and the SR capacity of PSH units is included in the constraint of the SR capacity requirement of the system. The QAPF is a set of quadratic equality constraints, making the SCUC model a mixed-integer nonlinear non-convex programming (MINNP) model. To reduce the computational complexity of solving the model when applied in actual large-scale regional networks, the QAPF model is relaxed by its convex hull, and the SCUC model is transformed into a mixed-integer convex programming (MICP) model, which can be solved to obtain the global optimal solution efficiently and reliably by the mature commercial solver GUROBI (24.3.3, GAMS Development Corporation, Guangzhou, China). Test results on the IEEE-9 bus system, the PEGASE 89 bus system and the Shenzhen city power grid including the 110-kV network demonstrate that the relaxed QAPF model has good calculation accuracy and efficiency, and it is suitable for solving the SCUC problem in large-scale regional networks.
Introduction
SCUC is an optimization problem in power grids to determine the generator units' on-off states and power output within a certain dispatch period while minimizing the total operation cost. The constraints include unit operation characteristics, transmission network security, and load demand. SCUC is fundamental to the day-ahead generation dispatch scheduling in power system
QAPF Model
If the grounding branches are neglected, the active power of a line based on the ACPF model is expressed as:
where P ij is the active power of line ij. V i and V j are the voltage amplitudes of the buses i and j. G ij and B ij are the real and imaginary parts of the i-th row and j-th column element of node admittance matrix. θ ij is the phase angle difference of the line connecting buses i and j.
In the SCUC problem, we pay attention to the distribution of line active power rather than the distribution of the node voltage. Thus, the common ACPF model considering the node voltage and reactive power is too complex for a large-scale regional grid. Besides, the reactance of a 110-kV network is often 4-5 times that of the resistance, so the DCPF model will cause great deviations from the actual values when computing the active power of lines. Therefore, Equation (1) is simplified into the QAPF model to formulate the relationship between the active power of lines and the node injected active power more precisely. It is assumed that: (1) during the normal operation of most actual power grids, there are adequate voltage control capabilities in the network to maintain the voltage amplitudes of nodes near the nominal value, hence the voltage amplitudes of nodes approximately equal their nominal value, that is, V i ≈ 1, and V j ≈ 1; (2) the voltage phase angles of two nodes on the line ij are nearly the same, that is, θ ij ≈0; hence, it can be further derived that sin(θ ij /2) ≈ θ ij /2, and cos(θ ij /2) ≈ 1. Therefore, Equation (1) , which describes the active power of a line, can be rewritten as:
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The equation of node injected power on bus i can be written as:
Equations (2) and (3) comprise the QAPF model to describe the relationship between the line active power and the node injected active power of power systems including 110-kV networks. In the QAPF model, the impact of the resistance on the active power flow is considered in the quadratic term of Equation (2), enabling more precise computation of the active power of lines than the DCPF model in the power systems including lines that do not satisfy the R << X condition and whose resistance cannot be neglected. By setting the voltage phase angle of the swing bus as a reference, the voltage phase angles of other nodes can be obtained from solving (3) , and then the active power of lines can be obtained with (2) .
SCUC Model of Power System Including 110 kV Network and PSH Units

Objective Function
The objective is to minimize the operation costs of all units during the dispatch periods. The operating costs include the start-up and shut-down costs and the fuel costs, while the start-up and shut-down costs of PSH units are also considered, as written in Equations (4)- (6) [20] :
C Ui,t ≥ K i (I i,t − I i,t−1 ), C Ui,t ≥ 0 C Di,t ≥ J i (I i,t−1 − I i,t ), C Di,t ≥ 0 C Us,t ≥ K s (Z s,t − Z s,t−1 ), C Us,t ≥ 0 C Ds,t ≥ J s (Z s,t−1 − Z s,t ), C Ds,t ≥ 0 (6) where B G and B PS are the set of thermal units and PSH units. T is the total time intervals. t, i, s are the indexes for time intervals, thermal units and PSH units, respectively. B G and B PS represent set of thermal units and PSH units. F i,t and P i,t are the fuel cost and active power output of thermal unit i at time interval t. C Ui,t and C Di ,t are the start-up and shutdown cost of thermal unit i at time interval t. C Us,t and C Ds ,t are the startup and shutdown cost of PSH unit s at time interval t. A i,2 , A i,1 and A i,0 are the fuel-cost coefficients. K i /K s and J i /J s are the start-up cost and shutdown cost of unit i/s. I i,t and Z s,t are the on-off state of thermal unit i and PSH unit s at time interval t, 1 is on and 0 is off. To improve the computational efficiency, the quadratic generation fuel cost function (5) can be piece-wise linearized as shown in Figure 1 . After linearization, (5) can be expressed by two linear inequalities as (7) [21] :
where M i,1 and M i,2 represent the intercepts of linearized cost function of unit i. Q i,1 and Q i,2 are the slopes of linearized cost function of unit i. Figure 1 . Piece-wise linearization of generation cost function.
Constraints
The following constraints are considered:
1) Upper/lower limits of the active power output of thermal units:
where Pi,min and Pi,max are the minimum and maximum values of Pi,t.
2) Ramping up/down power limits of thermal units:
where rui and rdi are the ramping up and down rate of unit i. T15 is the operation period of 15 min.
3) Minimum on-off time limits of thermal units [22] : 
where Ui and Di are the must-be-on time intervals and must-be-off time intervals of unit i. Toni and Toffi are minimum and maximum on-off intervals of unit i. Xoni,0 and Xoffi,0 are the number of time intervals unit i that has been on and off.
4) Operation constraints of PSH units:
Upper/lower limits of the active power output: 
where Pgs,t and Pps,t represent the generating and pumping active power of PSH unit s at time interval t. Pgs,max and Pps,max are the maximum values of Pgs,t and Pps,t. Zgs,t and Zps,t are the generating and pumping state of PSH unit s at time interval t, 1 is on and 0 is off. 
Constraints
(1) Upper/lower limits of the active power output of thermal units:
where P i,min and P i,max are the minimum and maximum values of P i,t .
(2) Ramping up/down power limits of thermal units:
where r ui and r di are the ramping up and down rate of unit i. T 15 is the operation period of 15 min.
(3) Minimum on-off time limits of thermal units [22] :
where U i and D i are the must-be-on time intervals and must-be-off time intervals of unit i. T oni and T offi are minimum and maximum on-off intervals of unit i. X oni,0 and X offi,0 are the number of time intervals unit i that has been on and off.
(4) Operation constraints of PSH units: Upper/lower limits of the active power output: 0 ≤ P gs,t ≤ P gsmax · Z gs,t P psmax · Z ps,t ≤ P ps,t ≤ 0
where P gs,t and P ps,t represent the generating and pumping active power of PSH unit s at time interval t. P gs,max and P ps,max are the maximum values of P gs,t and P ps,t . Z gs,t and Z ps,t are the generating and pumping state of PSH unit s at time interval t, 1 is on and 0 is off. Complementary constraints of operational modes:
Upper reservoir capacity of PSH units limit constraints:
where E s,t is the stored energy in the upper reservoir of PSH units. ξ is the round-trip efficiency of PSH units. E s,min and E s,max are the minimum and maximum stored energy in the upper reservoir of PSH unit s. E s,0 is the initial stored energy in the PS upper reservoir s. Operational modes switching time limit constraints:
(5) SR capacity constraints:
In this research, we pay attention to the preserved SR capacity that can deal with the power deviation between the predicted and the actual load power. When the load is underestimated, the up SR capacity that is previously reserved will work to compensate for the power shortage, and when the load is overestimated, the reserved down SR capacity will work to decrease the generators' output. Other forms of SR capacity, i.e., the SR capacity for frequency regulation and power outage, are not the focus in this research.
For thermal units:
where R ui,t and R di,t are the up and down SR capacity of thermal unit i at time interval t. T 10 is the required response time of SR, i.e., 10 min. Since PSH units cannot switch operational modes immediately, the SR constraints of PSH units in different operational modes should be classified as follows:
Generating mode:
where R us,t and R ds,t are the up and down SR capacity of PSH unit i at time interval t.
Pumping mode:
Idle mode: since PSH units are not spinning at this mode, the SR capacity is equal to 0:
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According to constraints (19)- (21) , the expression of the SR capacity for PSH units in different operational modes can be written in a unified expression: 0 ≤ R us,t ≤ (P gs,max − P gs,t )Z gs,t + (−P ps,t )Z ps,t 0 ≤ R ds,t ≤ P gs,t Z gs,t + (P ps,t − P ps,max )Z ps,t
The nonlinear terms containing the product of an integer variable and a continuous variable may increase the computation complexity of the problem. According to the actual operation characteristics of PSH units, the inequalities (22) can be linearized. When a PSH unit does not operate in the generation mode, Z gs,t = 0, and P gs,t = 0; when a PSH unit operates in the generation mode, Z gs,t = 1, and 0 ≤ P gs,t ≤ P gs,max . Consequently, under the constraints in (12) , the equality below can be established: P gs,t Z gs,t = P gs,t
Similarly, under the constraints in (12) , the equality below can also be established:
Therefore, the nonlinear inequalities (20) can be transformed into the following linear constraints:
0 ≤ R us,t ≤ P gs,max Z gs,t − P gs,t − P ps,t 0 ≤ R ds,t ≤ P gs,t + P ps,t − P ps,max Z ps,t
By integrating (18) and (25) , the constraints of the SR capacity requirement of the system can be expressed as:
where S u,t and S d,t are the up and down SR capacity of the system at time interval t. k is the index for load nodes. B load is the set of load nodes. L u and L d are the coefficients of up and down SR requirements of the system for predicted error of load.
(6) Network security constraints: Network security constraints include the ampacity limit of each transmission line and the security limit of each transmission section, as shown in formulas (27)- (29) :
− P l,max ≤ P l,t ≤ P l,max
where P l,t /P mn,t is the active power of line l connecting buses m and n at time interval t. θ mn is the phase angle difference of the line connecting buses m and n. P l,max is the maximum active power of line l. P j,l,t is the active power of line l in the transmission section j at time interval t. B j is the set of lines included in the j-th transmission section. P j,min and P j,max are the minimum and maximum active power of transmission section j.
(7) Nodes injected power balance constraints: where n∈m denotes that bus n is directly connected to bus m. If bus m is a thermal unit bus, then P m,t = P i,t ; if bus m is a PSH unit bus, then P m,t = P gs,t + P ps,t ; and if bus m is a load bus, then P m,t = −P k,t .
Convex Relaxation of the SCUC Model
Since the QAPF model is a non-convex quadratic equality constraint, the SCUC model of a power system with 110-kV network and PSH units is a MINNP model, which is an NP-hard problem and it is difficult to solve. For actual large-scale power grids, the scale of the optimization model to be solved is very large, which will lead to low computational efficiency if the problem is directly solved by the mixed-integer nonlinear programming (MINLP) solvers such as DICOPT or SBB, and the obtained solution may not be the global optimum. The computational complexity can be effectively reduced if the MINNP model can be transformed into a MICP model via convex relaxation [23, 24] . A tight convex relaxation of the original optimization model is necessary to mitigate this issue. In this paper, we are interested in a novel convex relaxation called convex hull relaxation which is defined as the tightest convex relaxation of a non-convex set [25] and [26] . The concept of convex hull is very attractive, not only because it is tighter but also because that the extreme points of a convex hull also belong to the original non-convex set. This is a very significant property that helps achieve global optimal solutions since the optimal solution is most likely an extreme point when we search for the optimum of a monotonic objective function over a convex feasible set. In this paper, convex hull relaxation is applied to relax the non-convex quadratic equality constraints into convex constraints.
Convex Hull Relaxation of the QAPF Model
The QAPF model is relaxed by its convex hull, which transforms a quadratic equality into two convex inequality constraints. The detailed principles are as follows.
For a quadratic equality constraint with x as the variable:
which can be formulated into its equivalent inequalities:
The expression in (32) is already convex and no further treatment is needed, whereas (33) is non-convex and should be treated by convex relaxation.
Generally, in practical computation, the upper and lower bounds of x, notated as x min and x max , can be obtained in advance, while the corresponding values of y are y min and y max . Therefore, the actual quadratic equality constraint is a segment of the curve in the x-y plane, while a straight line can be uniquely determined by the two points (x min , y min ) and (x max , y max ) with (34). The region encompassed by the straight line and the quadratic equality constraints is the convex hull of the quadratic equality, as shown in Figure 2 . Therefore, (33) can be relaxed into (35):
Energies 2019, 12, 3646 9 of 24 Therefore, (31) can be relaxed into two convex inequalities as (32) and (35). Based on the practical operation experience and the secure operation limits of the power system, the upper and lower bounds of variable θ mn of a line can be initially set as 0.5 and −0.5, which can be revised by further exploration. Therefore, (27) can be relaxed into the following two convex inequality constraints:
constraints.
The expression in (32) is already convex and no further treatment is needed, whereas (33) is nonconvex and should be treated by convex relaxation. Generally, in practical computation, the upper and lower bounds of x, notated as xmin and xmax, can be obtained in advance, while the corresponding values of y are ymin and ymax. Therefore, the actual quadratic equality constraint is a segment of the curve in the x-y plane, while a straight line can be uniquely determined by the two points (xmin, ymin) and (xmax, ymax) with (34). The region encompassed by the straight line and the quadratic equality constraints is the convex hull of the quadratic equality, as shown in Figure 2 . Therefore, (33) can be relaxed into (35): 
MICP Model for SCUC
After the convex hull relaxation above, the SCUC model of a power system including a 110-kV network and PSH units can be transformed from the original MINNP model into a MICP model as (38):
The above MICP model with convex quadratic inequality constraints can be solved efficiently and reliably by a mature commercial optimization solver such as GUROBI [27].
Cases and Results
IEEE-9 Bus System
The structure of the IEEE-9 bus system with three transformers and six transmission lines is shown in Figure 3 . The line parameters are listed in Table 1 , with the values of the X/R ratio similar to the actual 110-kV network. There are three generators, with one PSH unit at Bus-1 and two thermal units at Bus-2 and Bus-3. Parameters of all units are listed in Table 2 . The values of E s,min , E s,max and E s,0 are 130 MWh, 750 MWh and 250 MWh. The forecast total load curve is shown in Figure 4 , with a maximum power of 380 MW, corresponding to the sum of all bus loads from the BPA data. The load of each bus is distributed according to the percentage it covers in the BPA data. The based power of the system is 100 MW. Bus-1 is set as the swing bus in the power flow computation of different models. The computer used for the calculation is a DELL Precision T1700 workstation equipped with a 3.60 GHz Intel Xeon processor E3-1270 v5 and 32 GB RAM.
Es,0 are 130 MWh, 750 MWh and 250 MWh. The forecast total load curve is shown in Figure 4 , with a maximum power of 380 MW, corresponding to the sum of all bus loads from the BPA data. The load of each bus is distributed according to the percentage it covers in the BPA data. The based power of the system is 100 MW. Bus-1 is set as the swing bus in the power flow computation of different models. The computer used for the calculation is a DELL Precision T1700 workstation equipped with a 3.60 GHz Intel Xeon processor E3-1270 v5 and 32 GB RAM. Firstly, the ACPF, DCPF, and QAPF models are each applied to power flow calculation, and the results are shown in Table 3 . To avoid the error caused by trivial power flow, the lines whose active power is less than 10% of the maximum value are eliminated in the statistics. It can be seen from Table 3 that some of the relative deviations of different lines by the DCPF model fluctuate greatly, with the maximum deviation over 20%. However, the results of the QAPF model are more stable, and all lines are less than 5%. Compared with the DCPF model, the QAPF model is more accurate and suitable for computing the active power of lines in power systems including 110-kV networks. Table 3 . Results by different power flow models. Firstly, the ACPF, DCPF, and QAPF models are each applied to power flow calculation, and the results are shown in Table 3 . To avoid the error caused by trivial power flow, the lines whose active power is less than 10% of the maximum value are eliminated in the statistics. It can be seen from Table 3 that some of the relative deviations of different lines by the DCPF model fluctuate greatly, with the maximum deviation over 20%. However, the results of the QAPF model are more stable, and all lines are less than 5%. Compared with the DCPF model, the QAPF model is more accurate and suitable for computing the active power of lines in power systems including 110-kV networks. The SCUC problems with different PF models to describe the network security constraints are solved. In the optimization models, L u % and L d % are set as 3% and 1%, respectively. The SCUC models based on DCPF (mixed-integer linear programming (MILP) model), QAPF (MINNP model), and relaxed QAPF (MICP model) are solved using the CPLEX, DICOPT, and GUROBI solvers, respectively, and the results are shown in Table 4 . The optimal dispatch schedules of all the units computed by the three SCUC models are shown in Figure 5 . The stored energy schedule in the upper reservoir of PSH unit is shown in Figure 6 . It can be seen that the calculation time of the MINNP model is the largest, while that of the MILP model is the smallest. In addition, the objective value of the MILP model is the largest, while the values of the MINNP model and the MICP model are similar and both are less than the MILP model. The objective value of the MILP model is the largest because the MILP model cannot accurately compute the active powers of lines, which results in the network constraints being too strict and leads to more frequent start-up/shut-down of the PSH units, consequently increasing the total operating cost, as can be noticed in Figure 5 . Therefore, compared with the SCUC model based on DCPF, the models based on QAPF and relaxed QAPF are more accurate. Besides, the objective values of the MICP and MINNP models are similar, indicating that the convex hull relaxation of the quadratic equality constraints is accurate. Since the scale of the network is small, the calculation time of the MICP model is only a bit faster than that of the MINNP model. It can be observed that the optimal dispatch schedules obtained by the MINNP and MICP models are very close, which further indicates that the convex hull relaxation of the QAPF model is accurate. In addition, compared with the results computed by the MILP model, the results of the other two models exhibit less fluctuation, so they are more suitable for the requirement of real operation of the power system. Based on the optimal solution of the MICP model, the absolute deviations between the values of the two sides of quadratic equality (25) on different lines are computed as shown in Figure 7 . It can be seen that the maximum deviations of all the lines are less than 10 −6 , which is very close to 0. The nodal active power mismatches of all the buses are also very close to 0, as shown in Figure 8 .
The results demonstrate that the proposed convex hull relaxation of the QAPF model is accurate. operation of the power system. Based on the optimal solution of the MICP model, the absolute deviations between the values of the two sides of quadratic equality (25) on different lines are computed as shown in Figure 7 . It can be seen that the maximum deviations of all the lines are less than 10 −6 , which is very close to 0. The nodal active power mismatches of all the buses are also very close to 0, as shown in Figure 8 . The results demonstrate that the proposed convex hull relaxation of the QAPF model is accurate. 
PEGASE 89 Buses System
The PEGASE 89 buses system [28, 29] is used to analyze the computational efficiency of the relaxed QAPF model in a more practical SCUC formulation. To begin with, we first rearrange the node number of the system from bus 1 to bus 89, and the swing bus is set to be bus 89, so that the following analysis will be more organized. There are 11 generators, with one PSH unit at Bus-1 and 10 Gas-fired thermal units from Bus-2 to Bus-11. Parameters of all units are listed in Table 5 . The values of Es,min, Es,max and Es,0 are 440, 846 and 2164 MWh. 
The PEGASE 89 buses system [28, 29] is used to analyze the computational efficiency of the relaxed QAPF model in a more practical SCUC formulation. To begin with, we first rearrange the node number of the system from bus 1 to bus 89, and the swing bus is set to be bus 89, so that the following analysis will be more organized. There are 11 generators, with one PSH unit at Bus-1 and 10 Gas-fired thermal units from Bus-2 to Bus-11. Parameters of all units are listed in Table 5 . The values of E s,min , E s,max and E s,0 are 440, 846 and 2164 MWh. Before calculation, we examine the X/R ratio of all the lines in the PEGASE 89 bus system to judge whether the proposed algorithm is suitable, and the results are as listed in Table 6 . The lines with X/R ratio less than 6 are about 30%, which means that the resistance cannot be totally omitted. 
Precision analysis of QAPF model in computing the active power of lines
The comparison of the active power of several lines computed by different power flow model is shown in Table 7 . It can be noticed that some of the relative deviation of the active power of lines computed by the DCPF model is greater than 20%, whereas the maximum relative deviation of the active power of lines computed by the QAPF model is less than 5%, which is more accurate. Table 8 . It can be seen that the computation time of the MILP model is the shortest, but the objective value is the largest. The results of the MICP and MINNP models are close, but the MICP model can be solved much faster than the MINNP model. The absolute deviation of the two sides of quadratic equality (25) of several branches are shown in Figure 9 , as follows. It can be seen that the maximum absolute deviation is less than 0.06 MW, and the maximum nodal active power mismatches of different buses are less than 0.3MW, as shown in Figure 10 , indicating that the obtained active power of lines are very close to satisfying the original quadratic equality constraints. The results also demonstrate that the proposed MICP model after the convex hull relaxation is accurate for the original MINNP model. Table 8 . It can be seen that the computation time of the MILP model is the shortest, but the objective value is the largest. The results of the MICP and MINNP models are close, but the MICP model can be solved much faster than the MINNP model. The absolute deviation of the two sides of quadratic equality (25) of several branches are shown in Figure 9 , as follows. It can be seen that the maximum absolute deviation is less than 0.06 MW, and the maximum nodal active power mismatches of different buses are less than 0.3MW, as shown in Figure 10 , indicating that the obtained active power of lines are very close to satisfying the original quadratic equality constraints. The results also demonstrate that the proposed MICP model after the convex hull relaxation is accurate for the original MINNP model. Figure 10 . The five maximum nodal active power mismatches of different buses. Figure 10 . The five maximum nodal active power mismatches of different buses.
In the solution of the proposed MICP model, the active power output schedules of several gas-fired thermal units and the PSH unit are shown in Figure 11 . The total stored energy in the upper reservoir of PSH unit in Figure 12 . In the solution of the proposed MICP model, the active power output schedules of several gasfired thermal units and the PSH unit are shown in Figure 11 . The total stored energy in the upper reservoir of PSH unit in Figure 12 . 
Shenzhen City Power Grid Including 110 kV Network
To fully demonstrate the computational efficiency of the relaxed QAPF model in the SCUC problem of a large-scale regional grid, another case of the Shenzhen city power grid including a 110-kV network is studied. In the grid, there are 1560 buses and 1757 branches, including 1028 In the solution of the proposed MICP model, the active power output schedules of several gasfired thermal units and the PSH unit are shown in Figure 11 . The total stored energy in the upper reservoir of PSH unit in Figure 12 . 
To fully demonstrate the computational efficiency of the relaxed QAPF model in the SCUC problem of a large-scale regional grid, another case of the Shenzhen city power grid including a 110-kV network is studied. In the grid, there are 1560 buses and 1757 branches, including 1028 transformer branches and 729 transmission lines. The X/R ratios of 110-kV transmission lines are in 
To fully demonstrate the computational efficiency of the relaxed QAPF model in the SCUC problem of a large-scale regional grid, another case of the Shenzhen city power grid including a 110-kV network is studied. In the grid, there are 1560 buses and 1757 branches, including 1028 transformer branches and 729 transmission lines. The X/R ratios of 110-kV transmission lines are in the range of 1.59-7.50, which does not satisfy the premise of R << X in the DCPF model. The system consists of 38 thermal units (including six coal-fired and 32 gas-fired), four nuclear units, and two PSH units. Parameters of several units are listed in Table 9 . The values of E s,min , E s,max and E s,0 are 440 MWh, 4328 MWh and 846 MWh. The two PSH units store the water in the same upper reservoir. There are six power interchange sections connected to outside systems. The topology of the main network including several generators connected to the 110-kV network is shown in Figure 13 . The forecast total load curve of the system is shown in Figure 14 . In China, various city regional grids are attributed to the upper provincial grid. The interchange power schedule between different neighboring city regional grids is determined by the operators of the upper provincial grid so that the security constraints and economic benefits of different regional grids can be coordinated. Therefore, for the SCUC problem of a city regional grid, the power schedules of interchange sections with the external grids need to be determined by the upper provincial grid and given at first. The power schedules of six interchange sections at each time interval are shown in Figure 15 . The used data is the actual data of August 21, 2017. There are 26 key transmission sections that are considered in the network security constraints, and the security limits of 10 key transmission sections are listed in Table 10 . L u % and L d % are set as 3% and 1%, respectively. Figure 15 . The used data is the actual data of August 21, 2017. There are 26 key transmission sections that are considered in the network security constraints, and the security limits of 10 key transmission sections are listed in Table 10 . Lu% and Ld% are set as 3% and 1%, respectively. 
Ai,2/(¥/MW 2 h)) Ai,1/(¥/(MWh)) Ai,0/(¥/h)
Transmission Sections Lines in the Sections Security Limit Power (MW)
1 LINGKUN-I, II + PENGSHEN-I, II  2600  2  LINGSHEN-I, II  2900  3  SHAJING-I, II  3400  4  ANFEN-I, II  1150  5  ANXIANG-I, II  1150  6  JINGTING-I, II  1020  7  PENGJI-I, II  920  8  LINGKUN-I, II+HEHUI  2000  9 KUNDING-I, II+JIAOHONG-I, II 1280 10 JINGXIAN-I, II+JINGLONG-I, II 1300
Precision Analysis of QAPF Model in Computing the Active Power of Lines
The QAPF model and common DCPF model are applied to compute the active power of lines, and the results are compared with those of the ACPF model in Table 11 . It can be observed that the maximum relative deviation of the active power of lines computed by the DCPF model is greater than 20%, whereas the maximum relative deviation of the active power of lines computed by the QAPF model is less than 5%, which is more accurate. Therefore, the proposed QAPF model is more suitable for computing the active power of lines of power systems including 110 kV networks. Table 13 . The active power of lines computed by the DCPF model has great deviation, which may cause the network constraints to be too strict and lead to the more frequent startup/shutdown of units, consequently increasing the total operating cost. From Table 12 , the computation time of the MILP model is the shortest, but the accuracy is also the lowest. The MICP and MINNP models perform similarly in terms of accuracy, but the MICP model can be solved with high efficiency, since in large-scale optimization problems, the calculation efficiency of convex programming is higher, indicating that the proposed MICP model has great advantages when solving large-scale SCUC models.
To further demonstrate the advantages of the convex-hull relaxation of the QAPF model, the data of several other days (i.e., August 16-21, 2017 ) are substituted into the three SCUC models, with the results shown in Table 13 . When the data are from August 17 and 20, the MINNP model cannot reach a converged solution, whereas the MICP model can still obtain an optimal solution. Regarding the data of other days, the calculation time of the MICP model is obviously less than that of the MINNP model. These results demonstrate that the proposed MICP model after the convex-hull relaxation of the QAPF model has higher calculation reliability and efficiency than the original MINNP model. To verify whether the convex hull relaxation constraints are accurate to the original quadratic equalities, the deviation between the two sides of quadratic equality (25) is computed for different branches from the data of August 18, and the absolute deviations of five lines are shown in Figure 16 . It can be seen that the maximum absolute deviation is less than 0.045 MW, indicating that the obtained active power of lines is very close to satisfying the original quadratic equality constraints. The maximum nodal active power mismatches of all the buses are less than 0.4MW, which is quite small when compared with the nodal active power, as shown in Figure 17 . The results demonstrate that the proposed MICP model after the convex hull relaxation is accurate for the original MINNP model.
The active power output schedules of coal-fired thermal units, gas-fired thermal units, and PSH units are shown in Figures 18-20 . The coal-fired units operate at their upper limit of power output in most of the time intervals, since for coal-fired units, the start-up/shut-down costs are much higher, the minimum on-off time periods are much longer, and the ramping rates are small, therefore, their regulation flexibility is low. However, the gas-fired units have lower start-up/shut-down costs, shorter minimum on-off time periods, and larger ramping rates; therefore, gas-fired units can regulate their power output more frequently to accommodate the fluctuation of daily load. In addition, the PSH units can flexibly regulate the operational modes and power output according to the load fluctuation. When the load is heavy in the day, the PSH units tend to generate; when the load is low in the night, the PSH units tend to pump. This allows the PSH units to shave the peaks and filling valleys of the load curve. The total stored energy schedule in the upper reservoir of PSH units is shown in Figure 21 . It can be seen that the stored energy is always within the maximum and minimum limit.
branches from the data of August 18, and the absolute deviations of five lines are shown in Figure 16 . It can be seen that the maximum absolute deviation is less than 0.045 MW, indicating that the obtained active power of lines is very close to satisfying the original quadratic equality constraints. The maximum nodal active power mismatches of all the buses are less than 0.4MW, which is quite small when compared with the nodal active power, as shown in Figure 17 . The results demonstrate that the proposed MICP model after the convex hull relaxation is accurate for the original MINNP model. Figures 18-20 . The coal-fired units operate at their upper limit of power output in most of the time intervals, since for coal-fired units, the start-up/shut-down costs are much higher, the minimum on-off time periods are much longer, and the ramping rates are small, therefore, their regulation flexibility is low. However, the gas-fired units have lower start-up/shut-down costs, shorter minimum on-off time periods, and larger ramping rates; therefore, gas-fired units can regulate their power output more frequently to accommodate the fluctuation of daily load. In addition, the PSH units can flexibly regulate the operational modes and power output according to the load fluctuation. When the load is heavy in the day, the PSH units tend to generate; when the load is low in the night, the PSH units tend to pump. This allows the PSH units to shave the peaks and filling valleys of the load curve. The total stored energy schedule in the upper reservoir of PSH units is shown in Figure 21 . It can be seen that the stored energy is always within the maximum and minimum limit. Figures 18-20 . The coal-fired units operate at their upper limit of power output in most of the time intervals, since for coal-fired units, the start-up/shut-down costs are much higher, the minimum on-off time periods are much longer, and the ramping rates are small, therefore, their regulation flexibility is low. However, the gas-fired units have lower start-up/shut-down costs, shorter minimum on-off time periods, and larger ramping rates; therefore, gas-fired units can regulate their power output more frequently to accommodate the fluctuation of daily load. In addition, the PSH units can flexibly regulate the operational modes and power output according to the load fluctuation. When the load is heavy in the day, the PSH units tend to generate; when the load is low in the night, the PSH units tend to pump. This allows the PSH units to shave the peaks and filling valleys of the load curve. The total stored energy schedule in the upper reservoir of PSH units is shown in Figure 21 . It can be seen that the stored energy is always within the maximum and minimum limit. The optimal dispatch results when the SR capacity of the PSH units is considered in the constraint of the system SR capacity requirement and when it is not considered are compared, as shown in Table 15 . When the system SR capacity requirement is the same, the optimal dispatch The optimal dispatch results when the SR capacity of the PSH units is considered in the constraint of the system SR capacity requirement and when it is not considered are compared, as shown in Table 15 . When the system SR capacity requirement is the same, the optimal dispatch solution that considers the SR capacity of the PSH units can get a lower total operating cost. Although the thermal units need to start or stop more frequently and therefore increase the start-up/shut-down The optimal dispatch results when the SR capacity of the PSH units is considered in the constraint of the system SR capacity requirement and when it is not considered are compared, as shown in Table 15 . When the system SR capacity requirement is the same, the optimal dispatch solution that considers the SR capacity of the PSH units can get a lower total operating cost. Although the thermal units need to start or stop more frequently and therefore increase the start-up/shut-down costs, the operation cost of the thermal units decreases evidently, resulting in the decrease of total The optimal dispatch results when the SR capacity of the PSH units is considered in the constraint of the system SR capacity requirement and when it is not considered are compared, as shown in Table 14 . When the system SR capacity requirement is the same, the optimal dispatch solution that considers the SR capacity of the PSH units can get a lower total operating cost. Although the thermal units need to start or stop more frequently and therefore increase the start-up/shut-down costs, the operation cost of the thermal units decreases evidently, resulting in the decrease of total cost. It is demonstrated that when the SR capacity of the PSH units is considered, the SR capacity of the thermal units can be reduced; therefore, some thermal units can be shut down to save the fuel cost, and it can enable the other thermal units to operate at a lower cost state. Hence, the economics of the system operation can be improved. When the load uncertainty, that is, the positive and negative SR capacity ratios, increase, the percentage decrease of total cost when considering the SR capacity of PSH units increases, indicating that when the load uncertainty is high, the reduction of the total cost will be more apparent. 
Conclusions
An MICP algorithm for SCUC of a power system with a 110-kV network and PSH units is proposed. Based on the results of the case studies on the IEEE-9 bus system, the PEGASE 89 bus system and the Shenzhen city power grid including a 110-kV network, the following conclusions can be proposed:
• For a power system including a 110-kV network, the DCPF model cannot compute the active power of lines accurately, and the proposed QAPF model considering the resistance of lines can improve the calculation accuracy effectively; •
The convex hull relaxation can be applied to transform the SCUC problem with QAPF constraints from an MINNP model into an MICP model, which has faster computation efficiency and higher accuracy in solving the SCUC problem of large-scale regional power grids; • By considering the SR capacity of PSH units in the SCUC model, the SR capacity required by thermal units can be reduced, which enables the thermal units to operate at a state in which the fuel costs are more economic and the total operation cost of the system can be decreased.
For future work, the research can be enhanced from the following aspects: (1) In this research, only the network security constraints in the normal operation state (the structure of the power grid is complete) are included in the formulation. To make the proposed model more suitable for practical operation, the network security constraints under N-1 contingencies may be added into the model, and the method of solving the large-scale SCUC model including multiple N-1 contingencies' security constraints in an actual power grid may be developed. (2) Various kinds of SR such as primary and secondary SR capacities becoming common in actual operation, and the development of electricity market needs to specify different kinds of SR. Therefore, it's necessary to consider different kinds of SR capacity in the model.
